
Screening ToxCast™ for Chemicals That Affect Cholesterol Biosynthesis: Studies in
Cell Culture and Human Induced Pluripotent Stem Cell–Derived Neuroprogenitors
Phillip A. Wages,1 Piyush Joshi,2 Keri A. Tallman,1 Hye-Young H. Kim,1 Aaron B. Bowman,2,3 and Ned A. Porter1
1Department of Chemistry and Vanderbilt Institute of Chemical Biology, Vanderbilt University, Nashville, Tennessee, USA
2Departments of Pediatrics, Neurology and Biochemistry, Vanderbilt University Medical Center, Nashville, Tennessee, USA
3School of Health Sciences, Purdue University, West Lafayette, Indiana, USA

BACKGROUND: Changes in cholesterol metabolism are common hallmarks of neurodevelopmental pathologies. A diverse array of genetic disorders of
cholesterol metabolism support this claim as do multiple lines of research that demonstrate chemical inhibition of cholesterol biosynthesis compro-
mises neurodevelopment. Recent work has revealed that a number of commonly used pharmaceuticals induce changes in cholesterol metabolism that
are similar to changes induced by genetic disorders with devastating neurodevelopmental deficiencies.
OBJECTIVES:We tested the hypothesis that common environmental toxicants may also impair cholesterol metabolism and thereby possibly contribute
to neurodevelopmental toxicity.
METHODS: Using high-throughput screening with a targeted lipidomic analysis and the mouse neuroblastoma cell line, Neuro-2a, the ToxCast™
chemical library was screened for compounds that impact sterol metabolism. Validation of chemical effects was conducted by assessing cholesterol
biosynthesis in human induced pluripotent stem cell (hiPSC)–derived neuroprogenitors using an isotopically labeled cholesterol precursor and by
monitoring product formation with UPLC-MS/MS.
RESULTS: Twenty-nine compounds were identified as validated lead-hits, and four were prioritized for further study (endosulfan sulfate, tributyltin
chloride, fenpropimorph, and spiroxamine). All four compounds were validated to cause hypocholesterolemia in Neuro-2a cells. The morpholine-like
fungicides, fenpropimorph and spiroxamine, mirrored their Neuro-2a activity in four immortalized human cell lines and in a human neuroprogenitor
model derived from hiPSCs, but endosulfan sulfate and tributyltin chloride did not.

CONCLUSIONS: These data reveal the existence of environmental compounds that interrupt cholesterol biosynthesis and that methodologically hiPSC
neuroprogenitor cells provide a particularly sensitive system to monitor the effect of small molecules on de novo cholesterol formation. https://doi.
org/10.1289/EHP5053

Introduction
Human exposure studies with organic solvents, metal exposures,
and air pollutants have revealed the existence of developmental
neurotoxicants (Costa et al. 2014; Grandjean and Landrigan 2006,
2014). To proactively address the potential for environmental con-
tributors to neurological disease, protocols were proposed in the
late 1980s to identify and screen for neurodevelopmental toxicants
(Wier et al. 1989). Yet, the difficulty of translating the identifica-
tion of potential neurodevelopmental toxicants into human health
risk assessments has been apparent, given the need for anthropo-
morphized animal behavior experiments in addition to human epi-
demiological studies to support the adverse outcome of this class
of toxicants (Vrijheid et al. 2014). An alternative method to study
neurodevelopmental toxicants is through the use of developing
neural tissue—most commonly from human stem cell or
induced pluripotent stem cell (hiPSC) sources (Bal-Price et al.
2010; Fritsche et al. 2018a, 2018b; Kumar et al. 2012). Further,
these model systems can be used to screen for developmental
neurotoxicants by prioritizing chemicals that result in metabolic
phenotypes of neurological disorders (Kleinstreuer et al. 2011).

Hypocholesterolemia is a common metabolic feature of many
neurodevelopmental disorders (Porter and Herman 2011) and neu-
rodegenerative diseases, including Huntington’s disease and
Alzheimer’s disease (Leoni and Caccia 2014; Martín et al. 2014;
Vance 2012). Cholesterol is an indispensable lipid in the central
nervous system, with more than 25% of the total cholesterol con-
tent of a human body residing in the brain (Björkhem and Meaney
2004). In addition to cholesterol serving as an important structural
component for cellular membranes and myelin sheathes, a number
of cholesterol metabolites, including neurosteroids, serve as critical
signaling molecules (Schroepfer 2000, Zhang and Liu 2015). To
maintain this indispensable pool of cholesterol, the anatomy of the
central nervous system requires an active yet independent choles-
terol biosynthetic pathway (Figure 1). This requirement is because
plasma cholesterol from either diet or hepato-synthesis does not
freely cross the blood–brain barrier (Dietschy 2009). The most
convincing evidence for the necessity of cholesterol in neural biol-
ogy are in rare genetic syndromic disorders intimately tied to muta-
tions in the enzymes of cholesterol biosynthesis (Porter and
Herman 2011). One such disorder is Smith-Lemli-Opitz Syndrome
(SLOS). SLOS is the result of genetic defects in the enzyme 7-de-
hydrocholesterol reductase (DHCR7) which compromises the
cell’s ability to convert 7-dehydrocholesterol (7-DHC) to choles-
terol. Research has found numerous connections of SLOS with
neurological deficiencies (Table 1). One of the more compelling
connections between the enzyme DHCR7 and neurobehavior is the
number of independent diagnoses of autism spectrum disorder
(ASD) in the SLOS patient population (Sikora et al. 2006). Reports
have suggested that as many as 20% of individuals on the autism
spectrum have mild hypocholesterolemia likely due to defects in
cholesterol metabolism (Lee and Tierney 2011; Tierney et al.
2006).

In addition to genetic-based evidence for the inhibition of cho-
lesterol biosynthesis as a relevant metabolic feature for neurotoxic-
ity, there is also chemical support for this suggestion. During the
1960s’ drug-discovery efforts to develop efficacious cholesterol-
lowering pharmaceuticals, numerous lead-hit compounds failed in
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commercial development due to toxicity. For instance, AY-
9944 was designed to inhibit DHCR7, but the compound never
passed preclinical phases due to its potent teratogenicity
(Dvornik and Hill 1968; Roux et al. 2000). A few decades later,
AY-9944 was used to develop a rodent model of SLOS that
had links to behavioral deficits found in the disorder (Jung et al.
2013; Kolf-Clauw et al. 1996). Given the history with the small
molecule AY-9944, the question arises: are there environmen-
tal chemicals that affect human neural development by disrupt-
ing cholesterol metabolism?

Some environmental sterol biosynthesis disruptors have al-
ready been identified by cell culture experiments and the use of
in silico predictive modeling. Namely, the widely used antiseptic
benzalkonium chlorides were shown to inhibit DHCR7 (Herron
et al. 2016). Another class of environmental sterol metabolism
disruptors are the conazole fungicides. These agricultural pesti-
cides are known to inhibit CYP51 by coordinating with the heme
group, which halts substrate binding with a resulting increase of
lanosterol (Figure 1) in cell culture (Lepesheva et al. 2008).
These compounds can also disrupt normal reproductive cell func-
tion in both murine and human cell models (Roelofs et al. 2014).

Indeed, screening of a library of pharmacologically active mole-
cules identified a number of hypocholesterolemic compounds
when tested in mouse neuroblastoma cells (Kim et al. 2016;
Korade et al. 2016) and human fibroblasts (Korade et al. 2016);
in support of this, a screen of an independent pharmacopeia-
based library identified about 1 in 4 drugs as hypocholesterolemic
compounds, more than 20% of which targeted DHCR7 (Wages
et al. 2018). The most common drug class to treat hypercholester-
olemia, statins, is contraindicated for pregnancy due to an
increased risk of spontaneous pregnancy loss (McGrogan et al.
2017), yet it is controversial whether this loss is due to teratoge-
nicity (Karalis et al. 2016). Regarding chemical-induced hypo-
cholesterolemia, it was shown in mice that the presence of
aripiprazole, a commonly prescribed antipsychotic and known
DHCR7 inhibitor, in utero impaired embryonic neurodevelop-
ment (Genaro-Mattos et al. 2019).

The knowledge that numerous pharmaceutical agents inhibit
DHCR7, a gene associated with a number of fetal anomalies as
well as ASD, raised the possibility of the existence of environ-
mental xenobiotics that inhibit DHCR7. We report here the
results of a study that sought to address two potential public

Table 1. Smith-Lemli-Opitz syndrome (SLOS) patient characteristics and associated severity scores observed clinically [adapted from Kelley and Hennekam
(2000) and Porter (2008)].

Classification (score) Biochemical featuresa Physical and behavioral symptomsb,c

Mild (<20) ∼ 90% of normal plasma cholesterol levels
7-DHC levels >2:7 lg=mL

• Minimal toe syndactyl

Classical (20–50) ∼ 60% of normal plasma cholesterol levels • Qualitative brain abnormality via MRI
• Extremity syndactyl (1 instance)

Severe (>50) ∼ 30% of normal plasma cholesterol levels
7-DHC levels >100 lg=mL

• Major CNS malformations
• Extremity syndactyl (2 + instances)

aBiochemical values are typically graded across a spectrum of severity; shown are averaged values from multiple sources.
bCraniofacial defects are characteristic of SLOS patients with anteverted nares, microcephaly, and cleft palate all common.
cDehydrocholesterol (7-DHC and 8-DHC) levels correlate with loss of cognitive function and adaptive functioning (Thurm et al. 2016) and score is correlated with increased
aggression.

Figure 1. Schematic of cholesterol biosynthesis. Note: Selected enzymes involved in cholesterol biosynthesis are shown in dashed boxes.
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health issues: a) to identify and characterize environmental cho-
lesterol biosynthesis disruptors and b) to characterize whether
those identified compounds have the potential to inhibit choles-
terol biosynthesis in developing human neurons.

Methods

Materials
Unless otherwise noted, all chemicals were purchased from Sigma-
Aldrich. HPLC grade solvents were purchased from Thermo Fisher
Scientific Inc. All cell culture reagents were from Mediatech,
Life Technologies, and Greiner Bio-One. All sterol standards,
natural and isotopically labeled, used in this study are available
from Kerafast, Inc. The CytoTox 96® NonRadioactive Cytotoxicity
Assay was obtained from Promega (G1780) to assess cytotoxicity.

Immortalized Cell Lines
The neuroblastoma cell lines Neuro-2a, SK-N-SH and IMR-32
were purchased from American Type Culture Collection. The he-
patocyte carcinoma cell line HepG2 and lung carcinoma cell line
A549 were purchased from the European Collection of Authenti-
cated Cell Cultures (via Sigma-Aldrich). All cell lines were main-
tained as recommended by distributors, subcultured every 4–5 d
up to 10 passages, and culturemediumwas changed every 2 days. All
media components were purchased from Thermo Fisher Scientific
Inc., including minimum essential medium eagle with glutamine
(MEM, MT100010CV), Dulbecco’s modified eagle medium with
4:5 g=L glucose and sodium pyruvate without glutamine (DMEM,
MT15013CV), L-glutamine (25-030-081), penicillin-streptomycin
solution (P/S, MT30002CI) and N-2 Supplement (17-502-048).
Premium grade fetal bovine serum (FBS) was obtained fromVWR/
Seradigm (97068-085). Delipidated FBS (dFBS) was prepared by
stirring 20 g of silica (S5130, Sigma-Aldrich) into 500 mL of FBS
for 24 h at 4°C followed by centrifugation for 1 h at 15,000× g at
4°C in a Thermo Scientific Sorvall RC-6 Plus superspeed centri-
fuge. Supernatant was collected and validated for delipidation of
cholesterol using UPLC-MS/MS derivatization with 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD).

Cortical Neuroprogenitors Derived from Human Induced
Pluripotent Stem Cells (hiPSCs)
hiPSCs lines [(CC-3 and CD2 by Aaron Bowman’s laboratory at
Vanderbilt University Medical Center, Nashville, TN) and (CX-3
by Kevin Ess’s laboratory also at Vanderbilt University Medical
Center)] were reprogrammed and validated from human dermal
fibroblasts that were isolated from skin biopsy of healthy human
subjects after patient consent and assent under guidelines of an
approved IRB protocol (Vanderbilt No. 080369, Kevin C. Ess PI)
as previously reported (Tidball et al. 2016; Armstrong et al. 2017).
Briefly, fibroblasts were reprogrammed into hiPSCs by electropo-
ration with CXLE-hOCT3/4-shp53-F, pCXLE-hSK, and pCXLE-
hUL (Addgene plasmid #27077, #27078, and #27079, respec-
tively) plasmid vectors using Neon® transfection system (Life
Technologies) described in Okita et al. (2011). The hiPSCs were
cultured and passaged in mTeSR1 media (StemCell Technologies)
onMatrigel (BD Biosciences)-coated six-well plates. hiPSCs were
replated at 100,000 cells=mL, and differentiation was initiated
when cells were 100% confluent. Cortical neural induction was
performed following the dual SMAD protocol published by
Chambers et al. (2009), except that LDN (Stemgent Cat. No. 04-
0074) at 0:4 lM was used instead of noggin. SB431542 (10 lM)
was purchased from (Stemgent Cat. No. 04-0010). Additional
details and validation of this differentiation method have been pre-
viously reported (Chambers et al. 2009; Neely et al. 2012; Tidball

et al. 2015). Briefly, neuralization medium consists of 410 mL
Knockout DMEM/F12 (Invitrogen #12660), 75 mL Knockout
Serum (Invitrogen #10828), 5 mL glutamax (100× stock; Invitrogen
#35050-061), 5 mL Pen/Strep (100× stock; Mediatech #30-002-
Cl), 5 mL nonessential amino acids (100× stock, Invitrogen
#M7145), and 1:93 lL b-mercaptoethanol (Sigma #M3148) and
N2 medium, which consists of 500 mL DMEM/F12 (Invitrogen
#10,565-018, + glutamax), 0:775 g D-Glucose, and 5 mL N2 sup-
plement (Thermo Fisher Scientific #17502048). Cortical neuropro-
genitors were replated at 300,000 cells=mL on day 8 into 96-well
plates for exposures that were conducted on day 10.

Chemical Screening and LC-MS Analysis
The 1,851 chemicals that comprise the ToxCast™ chemical
library were obtained through Ann Richard [U.S. Environmental
Protection Agency (U.S. EPA)]. The chemicals were supplied
blinded in 384-well plates with one chemical per well at a target
concentration of 20mM in DMSO. Chemical plates were
shipped, registered, and stored in the Vanderbilt University High-
Throughput Screening and Compound Management Facility.
All screening experiments were conducted in the Vanderbilt
University High-Throughput Screening Facility as previously
described (Wages et al. 2018). Briefly, 2:5 nL of each compound
(at 10mM) from the ToxCast™ Chemical Library were deposited
into a separate well of a black 384-well cell culture plate (Grenier
Bio-One) using a Labcyte Echo 550/555. Neuro-2a cells were
trypsinized, counted by hemocytometer, resuspended in DMEM
with reduced serum (0.5% FBS, 2mM L-glutamine, 1 × P/S),
and 25 lL of cell suspension was dispensed to 384-well plates
(on top of predeposited compounds) using Multidrop Combi
(Thermo Scientific) at a final plating density of 1:00× 104 Neuro-
2a cells per well. In addition to the test compounds, four positive
control compounds identified and validated from previous studies
(Korade et al. 2016; Kim et al. 2016) were included on each plate
to probe the cholesterol biosynthetic pathway. These four com-
pounds included simvastatin, which inhibits HMG-CoA Reductase
(lowers all sterols analyzed); econazole, which inhibits CYP51
(increases lanosterol levels); aripiprazole, which inhibits DHCR7
(increases 7-DHC); and clomiphene, which inhibits DHCR24
(increases desmosterol). After 24 h of incubation at 37°C and 5%
CO2, Hoechst dye (Molecular Probes) was added using Agilent
Velocity 11 Bravo and incubated at room temperature for 30 min
in the dark. Cells were imaged and counted based on nuclear
staining using ImageXpress Micro XL (Molecular Devices) with
a 4× objective. For analysis of sterols, MeOH containing inter-
nal standards (0:0166 nmol for d7-7-DHC, 0:125 nmol for
13C3-Des, 0:115 nmol for 13C-lanosterol, and 0:0434 nmol for
d7-Chol=well) was added to each well after removing the me-
dium to extract all endogenous lipids. Plates were centrifuged,
and supernatant was transferred by an automated liquid handler
Agilent Velocity 11 Bravo to a plate (Waters #186002631,
100 lL flat bottomed) with 50 lg of 4-phenyl-1,2,4-triazoline-
3,5-dione (PTAD) predeposited in each well. The plates were
immediately sealed with Easy Pierce Heat Sealing Foil
(ThermoScientific AB-1720), followed by 20 min of agitation at
room temperature and then centrifuged for 10 min using a Sorvall
swing rotor. Similar sample preparation via PTAD-derivatization
was described previously (Korade et al. 2016; Liu et al. 2014) for
UPLC-MS/MS analysis. Samples were analyzed on an Acquity
UPLC system equippedwith ANSI-compliant well plate holder. The
sterols (10 lL injection) were analyzed on an UPLC C18 column
(Acquity UPLC BEH C18, 1:7 lm, 2:1× 50 mm) with 100%
MeOH (0.1% v/v acetic acid) mobile phase at a flow rate of
500 lL=min and runtime of 1.2min. A TSQQuantumUltra tandem
mass spectrometer (ThermoFisher) was used for MS detections, and
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data were acquired with a Finnigan Xcalibur software package
(version 2.2 SP1.48; Thermo Xcalibur). Selected reaction moni-
toring (SRM) of the PTAD derivatives was acquired in the positive
ion mode using atmospheric pressure chemical ionization (APCI).
The monitored transitions included: Chol 369 ! 369, d7-Chol
376 ! 376, 7-DHC 560 ! 365, d7-7-DHC 567 ! 372, Des
592 ! 365, Lan 634 ! 602, 13C3-Des 595 ! 368, and 13C3-Lan
637 ! 605. MS parameters were optimized for the 7-DHC-PTAD
adduct and were as follows: auxiliary nitrogen gas pressure at
55 psi and sheath gas pressure at 60 psi; discharge current at
22 lA and vaporizer temperature at 342°C. Collision-induced dis-
sociation (CID) was optimized at 12 eV under 1:0 mTorr of argon.
Endogenous sterol levels were quantified based on the known in-
ternal standard amount and then normalized to nuclear cell count,
reported as nmol/million cells.

Lead-Hit Validation and in Vitro Dosing
Determination of lead-hit compounds from screening involved
the calculation of screening window coefficients “Z” and “z-
score” (Zhang et al. 1999); z-Scores are calculated from the fol-
lowing equation:

ðxcompound −�xvehicleÞ=rvehicle,

where x is lead-hit screened sterol level, �x is averaged vehicle
(0.1% DMSO) sterol level, and r is standard deviation of vehicle
sterol level (compound: n=1, vehicle: n=72). Compounds with
a z>3 were selected as lead-hits and effects validated in Neuro-
2a cells in 96-well plates (Grenier Bio-One). Additionally, any
chemicals that resulted in significant cell loss were selected as
lead-hit compounds as well, specifically to be tested at lower
doses: 0.01, 0.1, and 0:4 lM. Neuro-2a cells were seeded at
0:75× 104 Neuro-2a cells/well in DMEM with 10% FBS, 2mM
L-glutamine, 1 × P/S. After 24 h, media was aspirated by pipette
and replaced with DMEM exposure media (1 × N-2 supplement,
2mM L-glutamine, 1 × P/S) containing 1 lM lead-hit compound
(0.05% DMSO) for 24 h. Neuro-2a cells were then prepped for the
targeted lipidomic mass spectrometric analysis as with 384-well
plates, but to each well in the 96-well plate was added the internal
standards (10 lL of stock solution in MeOH: 0:087 nmol d7-Chol,
0:033 nmol d7-7-DHC, 0:25 nmol for 13C3-Des, 0:23 nmol for
13C3-lanosterol) and MeOH (100 lL). All verified lead-hits were
then exposed to Neuro-2a cells at 4 doses for 24 h in DMEM expo-
sure media: 0.1, 0.4, 1, and 4 lM.

Using selection criteria (Table S1 and Figure S1) remaining
lead-hits were tested in four human immortalized cell lines. All
cell lines were cultured and maintained in MEM with 10% FBS,
1× P/S. For dosing experiments, cells were seeded into 96-well
plates (0:8× 104 SK-N-SH cells/well, 0:8× 104 IMR-32 cells/
well, 0:6× 104 A549 cells/well, 1:0× 104 HepG2 cells/well).
After 24 h, media was aspirated by pipette and replaced with
MEM exposure media (10% dFBS, 1 × P/S) containing com-
pound at three doses for 24 h: 0.01, 0.1, and 1 lM (0.05%
DMSO). Each dosing experiment was conducted so that no two
cell lines were cultured onto the same 96-well plate. After expo-
sure, cells were then prepped for mass spectrometric analysis as
with 384-well plates, but to each well of the black 96-well plates
(Grenier Bio-One) was added the internal standards (10 lL of
stock solution in MeOH: 0:087 nmol d7-Chol, 0:033 nmol d7-
7-DHC, 0:066 nmol d7-8-DHC 0:25 nmol, 13C3-Des, 0:23 nmol
for 13C3-lanosterol), and MeOH (100 lL). Updated monitored
transitions for UPLC-MS/MS included Chol 369 ! 369, d7-Chol
376 ! 376, 7-DHC 560 ! 365, d7-7-DHC 567 ! 372, 8-DHC
558 ! 363, d7-8-DHC 565 ! 370, Des 592 ! 365, Lan 634 !
602, 13C3-Des 595 ! 368, and 13C3-Lan 637 ! 605. The

baseline sterol profile for each cell line was determined by assay-
ing cells treated only with media in parallel to exposed cells.

For hiPSC experiments, neuroprogenitor cells were exposed
to lead-hit compounds (fenpropimorph, spiroxamine) and posi-
tive control compound (haloperidol) at day 10 of differentiation.
The hiPSC neuroprogenitor cells were exposed to chemicals at
two doses (0.01 and 1 lM, 0.05% DMSO) for four different dura-
tions of time (4, 8, 12, and 24 h) with and without 500 nM
13C3-lanosterol to measure de novo cholesterol synthesis as pre-
viously reported (Korade et al. 2017a). Briefly, 13C3-lanosterol
was added to the media (defined in section above) at 0.01%
ethanol in order to trace the synthesis of 13C3-lanosterol to
13C3-7-dehydrocholesterol to 13C3-cholesterol using the PTAD-
UPLC-MS/MS analysis method. To evaluate de novo choles-
terol synthesis a residual cholesterol synthesis (RCS) was cal-
culated as described previously (Genaro-Mattos et al. 2018;
Honda et al. 1995; Wassif et al. 2005) by the following equation:
[13C3-cholesterol=ð13C3-7-DHC+ 13C3-cholesterolÞ]. After expo-
sure of compound in the presence of 13C3-lanosterol, hiPSC neuro-
progenitors were then prepped for mass spectrometric analysis as
with 384-well plates, but to each well in the 96-well plate was
added the internal standards (10 lL of stock solution in MeOH:
0:087 nmol d7-Chol, 0:033 nmol d7-7-DHC, 0:066 nmol d7-
8-DHC 0:25 nmol), and MeOH (100 lL). Updated monitored tran-
sitions for UPLC-MS/MS included Chol 369 ! 369, d7-Chol
376 ! 376, 7-DHC 560 ! 365, d7-7-DHC 567 ! 372, 8-DHC
558 ! 363, d7-8-DHC 565 ! 370, Des 592 ! 365, Lan 634 !
602, 13C3-Des 595 ! 368, 13C3-Lan 637 ! 605, 13C3-Chol
372 ! 372, 13C3-7-DHC 563 ! 368, and 13C3-8-DHC 561 !
366. Traceable isotopically labeled sterol levels were quantified
based on the known internal standard amount or determined
response factor to d7-Chol for 13C3-Des and 13C3-Lan. Values
were then normalized to nuclear cell count, reported as nmol/
million cells.

Detailed in vitro dosing information for all experiments is ref-
erenced in Table S2.

Chemical Synthesis and Characterization of
8-Dehydrocholesterol
Isolation of 8-DHC-PTAD adducts. PTAD (50 mg, 0:29mmol)
was added to a solution of 8-DHC (20 mg, 0:052mmol) in
MeOH (1 mL) and benzene (0:1 mL for solubility). After 1 h, the
reaction mixture was concentrated and purified on a Si SPE car-
tridge (hexanes:EtOAc, 1:1) to remove most of the PTAD. The
reaction mixture was further purified by semipreparative HPLC
(C18, MeOH) to isolate the ene; 5,7,9-PTAD; and 5,9,14-MeOH
adducts. The NMR data for the isolated products matched the in-
dependently synthesized adducts, which is described below. The
ene adduct could not be isolated pure, likely due to the presence
of minor amounts of the other ene adducts, as well as its instabil-
ity. Only the diagnostic NMR signals are reported for the ene: 1H
NMR (CDCl3) d 7.59-7.35 (m, 4H), 7.38-7.35 (m, 1H), 5.35 (d,
1H, J = 2:0Hz), 5.13 (s, 1H), 3.59-3.50 (m, 1H), 2.39 (d, 2H,
J = 5:0Hz), 1.21 (s, 3H), 0.93 (d, 3H, J = 4:4Hz), 0.86 (br s, 3H),
0.85 (br s, 3H), 0.67 (s, 3H); 13C NMR (CDCl3) d 151.5, 150.4,
145.8, 142.1, 131.4, 129.3, 128.2, 126.0, 125.7, 122.5, 116.4,
72.2, 54.4, 53.1, 49.8, 42.9, 42.1, 39.5, 38.7, 36.11, 36.08, 36.0,
35.4, 151.5, 150.4, 145.8, 142.1, 131.4, 129.3, 128.2, 126.0,
125.7, 122.5, 116.4, 72.2, 54.4, 53.1, 49.8, 42.9, 42.1, 39.5, 38.7,
36.11, 36.08, 36.0, 35.4, 31.9, 30.0, 29.4, 28.7, 28.0, 23.6, 23.3,
23.1, 22.8, 22.7, 22.6, 18.8, 11.6.

Synthesis of Ac-7-DHC 1. Acetyl chloride (1:0 mL, 14 mmol)
was added to a solution of 7-DHC (3:2 g, 8:4 mmol), DMAP
(1:5 g, 12 mmol), and Et3N (1:7 mL, 12 mmol) in CH2Cl2
(40 mL). After 1 h, the reaction mixture was washed with H2O
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and then with brine and then dried over MgSO4. The product was
purified by column chromatography (hexanes:EtOAc, 9:1) and
isolated as a white powder (3:0 g, 83%). 1H NMR (CDCl3) d 5.53
(dd, 1H, J = 2:0, 5:6Hz), 5.36–5.34 (m, 1H), 4.72–4.62 (m, 1H),
2.47 (ddd, 1H, J = 1:0, 4.9, 14:5Hz), 2.33 (t, 1H, J = 13:6Hz),
2.11–2.00 (m, 1H), 2.01 (s, 3H), 1.95–1.83 (m, 5H), 1.70–1.47
(m, 5H), 1.36–1.10 (m, 12H), 0.92 (s, 3H), 0.91 (d, 3H,
J = 5:8Hz), 0.85 (s, 3H), 0.83 (s, 3H), 0.59 (s, 3H); 13C NMR
(CDCl3) d 170.4, 141.5, 138.4, 120.2, 116.2, 72.7, 55.8, 54.4,
46.0, 42.8, 39.5, 39.1, 37.9, 37.0, 36.6, 36.1, 36.0, 28.1, 28.0,
23.8, 23.0, 22.8, 22.5, 21.4, 21.0, 18.8, 16.1, 11.8.

Synthesis of 2. A solution of Ac-7-DHC (0:32 g, 0:75mmol)
in CHCl3 (7 mL) was added to a solution of HgðOAcÞ2 (1:0 g,
3:1mmol) in HOAc (15 mL). After 30 min, a white precipitate
formed and eventually turned yellow. After allowing the reaction
to stir overnight, it was diluted with ether and filtered through a
pad of silica. The filtrate was concentrated. The product was puri-
fied by column chromatography (hexanes:EtOAc, 9:1) and iso-
lated as a yellow powder (0:16 g, 50%). 1H NMR (CDCl3) d 5.67
(dd, 1H, J = 1:3, 5:9Hz), 5.48 (d, 1H, J = 6:3Hz), 5.37 (d, 1H,
J = 4:8Hz), 4.69–4.58 (m, 1H), 2.51 (t, 1H, J = 12:4Hz), 2.42–
2.31 (m, 2H), 2.22–209 (m, 2H), 2.01 (br s, 2H), 1.96–1.91 (m,
2H), 1.76–1.67 (m, 4H), 1.59–1.50 (m, 4H), 1.40–1.28 (m, 6H),
1.23 (s, 3H), 1.16-0.99 (m, 2H), 0.90 (d, 3H, J = 6:3Hz), 0.85 (d,
3H, J = 1:1Hz), 0.83 (d, 3H, J = 1:0Hz), 0.54 (s, 3H); 13C NMR
(CDCl3) d 170.3, 143.9, 139.9, 135.6, 122.5, 119.0, 115.5, 74.0,
56.3, 50.8, 43.0, 42.2, 39.4, 39.3, 38.0, 37.4, 36.0, 35.9, 31.6,
30.2, 28.5, 28.3, 28.0, 23.9, 22.8, 22.5, 21.3, 18.3, 11.3.

Synthesis of 5,7,9-triene. NaOH (50 mg, 1:3mmol) was
added to solution of 2 (0:16 g, 0:38mmol) in MeOH (2 mL) and
H2O (1 mL) and then heated to 80°C. After 1.5 h, the reaction
mixture was cooled and diluted with EtOAc. The organics were
washed with H2O, and then with brine, and dried over MgSO4.
Purification by column chromatography (hexanes:EtOAc, 4:1)
yielded the product as a white powder (0:11 g, 75%). 1H NMR
(CDCl3) d 5.65 (dd, 1H, J = 1:5Hz), 5.49 (d, 1H, J = 6:4Hz),
5.38 (d, 1H, J = 5:3Hz), 3.62–3.54 (m, 1H), 2.45 (t, 1H,
J = 12:3Hz), 2.38–2.32 (m, 2H), 2.21–2.11 (m, 2H), 1.98-1.88
(m, 2H), 1.79–1.63 (m, 4H), 1.53–1.47 (m, 2H), 1.39–1.33 (m,
4H), 1.22 (s, 3H), 1.16–0.97 (m, 6H), 0.90 (d, 3H, J = 6:4Hz),
0.85 (d, 3H, J = 1:8Hz), 0.84 (d, 3H, J = 1:8Hz), 0.54 (s, 3H);
13C NMR (CDCl3) d 144.1, 141.2, 135.4, 122.5, 118.2, 115.5,
72.1, 56.3, 50.9, 43.0, 42.2, 41.5, 39.4, 39.2, 38.2, 36.0, 35.9,
32.2, 30.4, 28.4, 27.9, 23.8, 22.8, 22.5, 18.3, 11.3.

Synthesis of 5,7,9-PTAD. PTAD (50 mg, 0:29mmol) was
added to a solution of the 5,7,9-triene (20 mg, 0:052mmol) in
MeOH (1 mL) and benzene (0:1 mL for solubility). After 1 h, the
reaction was concentrated and purified by column chromatogra-
phy (hexanes:EtOAc, 1:1). 1H NMR (CDCl3) d 7.42–7.37 (m,
4H), 7.32–7.28 (m, 1H), 6.51 (d, 1H, J = 8:3Hz), 6.20 (d, 1H,
J = 8:3Hz), 5.59 (dd, 1H, J = 1:6, 6:8Hz), 4.41–4.33 (m, 1H),
3.21 (dd, 1H, J = 3:4, 13:7Hz), 2.73 (dd, 1H, J = 7:5, 12:0Hz),
2.42–2.32 (m, 2H), 2.09 (d, 1H, J = 16:8Hz), 2.06–1.86 (m, 4H),
1.83–1.77 (m 2H), 1.74–1.61 (m, 3H), 1.53–1.45 (m, 1H), 1.40–
1.33 (m, 5H), 1.13 (s, 3H), 1.09–1.02 (m, 3H), 0.92 (d, 3H,
J = 6:0Hz), 0.85 (d, 3H, J = 1:9Hz), 0.84 (d, 3H, J = 1:8Hz),
0.67 (s, 3H); 13C NMR (CDCl3) d 151.1, 149.8, 141.9, 134.4,
131.6, 129.2, 128.9, 127.9, 126.0, 122.0, 67.3, 66.4, 64.3, 54.9,
47.5, 43.3, 41.5, 40.5, 39.5, 35.9, 35.4, 34.4, 32.8, 29.7, 28.0,
27.6. 25.4, 23.7, 22.9, 22.8, 22.6, 18.6, 12.5.

Synthesis of 3. Diethyl azodicarboxylate (6:1 mL, 14mmol)
was added to a solution of the Ac-7-DHC (2:0 g, 4:7mmol) in
benzene (25 mL), then heated to reflux. After overnight period,
the reaction mixture was cooled and concentrated. The reaction
resulted in a 3:1 mixture of isomers in favor of the desired

product. The mixture was purified by column chromatography
(hexanes:EtOAc, 4:1) to yield the product as a white powder
(2:7 g, 96%). The isomers could be partially separated by column
chromatography using toluene:EtOAc (4:1).

Synthesis of 8-DHC. EtNH2 (∼ 15 mL) was condensed into a
flask at −78�C. A cooled solution of 3 (2:0 g, 3:3 mmol) in THF
(15 mL) was added, followed by Li° (0:23 g, 33 mmol). The
reaction mixture turned blue on completion. After 3 h, the reac-
tion was quenched with saturated NH4Cl and warmed to room
temperature to dissipate the EtNH2. The reaction was diluted
with EtOAc and washed with additional saturated NH4Cl and
brine and dried over MgSO4. The product was purified by col-
umn chromatography (hexanes:EtOAc, 4:1) and isolated as a
white powder (0:52 g, 42%). Product of higher purity was
obtained after purification by semipreparative HPLC (C18,
CH3CN:MeOH, 70:30). 1H NMR (CDCl3) d 5.41 (br s, 1H),
3.58–3.47 (m, 1H), 2.51 (br s, 2H), 2.32–2.28 (m, 2H), 2.15–2.06
(m, 3H), 2.01–1.94 (m, 1H), 1.91-1.82 (m, 3H), 1.64–1.22 (m,
12H), 1.16 (s, 3H), 1.12–1.09 (m, 4H), 0.91 (d, 3H, J = 6:5Hz),
0.85 (d, 3H, J = 1:4Hz), 0.83 (d, 3H, J = 1:3Hz), 0.63 (s, 3H);
13C NMR (CDCl3) d 138.8, 132.0, 126.4, 119.5, 71.4, 54.7, 51.8,
42.2, 41.9, 39.5, 37.3, 36.8, 36.2, 36.1, 35.6, 31.9, 29.0, 28.8,
28.0, 23.9, 22.9, 22.8, 22.5, 22.2, 18.7, 11.3.

Synthesis of 5,9,14-triene. PTAD (45 mg, 0:26mmol) was
added to a solution of 8-DHC (68 mg, 0:18mmol) in CH2Cl2
(1 mL). The reaction resulted in a mixture of the desired triene
and the 5,7,9-PTAD. After 2 h, the reaction mixture was concen-
trated and purified by column chromatography (hexanes:EtOAc,
4:1). 1H NMR (CDCl3) d 5.48 (br s, 1H), 5.36 (br s, 1H), 3.55-
3.52 (m, 1H), 2.85 (d, 1H, J = 20:2Hz) 2.57 (dd, 1H, J = 2:2,
22:0Hz), 2.39–2.16 (m, 5H), 2.10–1.88 (m, 4H), 1.62–1.54 (m,
3H), 1.53–1.48 (m, 2H), 1.45–1.29 (m, 4H), 1.19 (s, 3H), 1.15–
1.13 (m, 4H), 0.92 (d, 3H, J = 6:4Hz), 0,86 (s, 3H), 0.84 (s, 3H),
0.83 (s, 3H); 13C NMR (CDCl3) d 149.8, 137.7, 137.2, 120.8,
119.2, 118.2, 71.7, 57.2, 45.0, 42.2, 39.4, 37.8, 36.8, 36.0, 35.9,
35.5, 34.0, 31.9, 27.9, 27.1, 23.7, 22.8, 22.7, 22.5, 21.8, 18.8,
15.4.

Synthesis of 5,9,14-MeOH adduct. PTAD (0:14 g, 0:80mmol)
was added to a solution of the 5,9,14-triene (30 mg, 0:078mmol)
in MeOH (30 mL) and benzene (1 mL, for solubility). After 1 h,
the reaction was concentrated and purified by semipreparative
HPLC (C18, MeOH). 1H NMR (CDCl3) d 5.34 (d, 1H, J =
1:4Hz), 4.73 (d, 1H, J = 4:3Hz), 3.66–3.61 (m, 1H), 3.20 (s, 3H),
2.88 (br s, 2H), 2.43 (d, 1H, J = 20Hz), 2.21–2.13 (m, 2H), 2.10–
1.96 (m, 3H), 1.91–1.85 (m, 2H), 1.79–1.72 (m, 2H), 1.51–1.45
(m, 4H), 1.39–1.37 (m, 3H), 1.18–1.08 (m, 6H), 1.05 (s, 3H), 0.96
(d, 3H, J = 4:4Hz), 0.88 (d, 3H, J = 1:2Hz), 0.87 (d, 3H, J =
1:1Hz), 0.84 (s, 3H); 13C NMR (CDCl3) d 152.8, 137.7, 129.3,
119.4, 77.5, 70.8, 70.4, 54.6, 52.1, 43.5, 43.4, 41.4, 39.5, 38.9,
37.0, 36.0, 33.7, 31.3, 29.7, 29.2, 28.0, 27.9, 24.3, 24.1, 23.8, 22.8,
22.5, 19.0, 18.0.

Synthesis of 5. TBDMSCl (2:9 g, 0:019mol) and imidazole
(1:8 g, 0:026mol) were added to a solution of ergosterol (5:2 g,
0:013mol) in a mixture of THF:DMF (60 mL, 1:1). After the
reaction stirred overnight, it was diluted with hexanes:EtOAc
(1:1) and washed with H2O and brine. The organic layer was
dried over MgSO4 and concentrated. The product was purified by
column chromatography (hexanes:EtOAc, 9:1) and isolated as a
white powder (6:1 g, 91%).

PbðOAcÞ4 (8:0 g, 0:018mol) was added in portions to a solu-
tion of the TBDMS-protected ergosterol (6:1 g, 0:012mol) and
phthalhydrazide (2:9 g, 0:018mol) in CH2Cl2 (120 mL) and
HOAc (12 mL). After 1 h, the reaction mixture was carefully
neutralized with saturated NaHCO3. The organic layer was parti-
tioned, washed with brine, and dried over MgSO4. Column
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chromatography (hexanes:EtOAc, 9:1) afforded the product
(4:3 g, 54%) as a yellow foam. 1H NMR (CDCl3) d 8.15-8.06 (m,
2H), 7.67–7.64 (m, 2H), 6.62 (d, 1H, J = 9:2Hz), 6.23 (d, 1H,
J = 8:2Hz), 5.22–5.08 (m, 2H), 3.94–3.83 (m, 2H), 3.61-3.51 (m,
1H), 2.10–1.93 (m, 4H), 1.86–1.79 (m, 2H), 1.62–1.58 (m, 4H),
1.49–1.24 (m, 8H), 0.99 (app t, 6H, J = 2:9Hz), 0.88-0.78 (mult
s, 12H), 0.83 (s, 9H), 0.06 (s, 3H), −0:03 (s, 3H); 13C NMR
(CDCl3) d 161.8, 159.5, 138.4, 135.3, 132.6, 132.4, 132.0, 130.5,
130.2, 128.6, 126.9, 126.5, 68.4, 67.4, 67.0, 56.5, 50.5, 49.0,
44.1, 42.6, 40.4, 39.8, 39.2, 35.6, 34.7, 33.0, 30.5, 28.1, 25.9,
24.4, 21.8, 20.8, 19.9, 19.6, 18.5, 18.0, 17.4, 13.3, −4:4, −5:0.

Synthesis of aldehyde 6. Ozone was bubbled through a solu-
tion of 5 (4:3 g, 6:3mmol) in CH2Cl2:MeOH (60 mL, 3:1) at
0°C. After 1 h, the ozone was stopped and PPh3 (1:8 g,
6:9mmol) was added. The reaction was allowed to warm to room
temperature and concentrated after 1 h. The product was purified
by column chromatography (hexanes:EtOAc, 4:1) and isolated as
a yellow foam (2:9 g, 74%). 1H NMR (CDCl3) d 9.52 (d, 1H,
J = 3:5Hz), 8.13–8.06 (m, 2H), 7.68–7.65 (m, 2H), 6.44 (d, 1H,
J = 8:2Hz), 6.20 (d, 1H, J = 8:2Hz), 3.98 (dd, 1H, J = 7:4,
11:5Hz), 3.85 (dd, 1H, J = 4:6, 14:1Hz), 3.61–3.50 (m, 1H),
2.35–2.27 (m, 1H), 2.10–2.03 (m, 2H), 1.96–1.90 (m, 3H), 1.78–
1.70 (m, 2H), 1.63–1.58 (m, 4H), 1.49–1.34 (m, 4H), 1.10 (d, 3H,
J = 3:8Hz), 0.99 (s, 3H), 0.84 (s, 3H), 0.82 (s, 9H), 0.05 (s, 3H),
−0:04 (s, 3H); 13C NMR (CDCl3) d 204.5, 161.8, 159.6, 138.8,
132.7, 132.5, 130.4, 130.1, 128.1, 127.0, 126.5, 68.0, 67.3, 67.0,
51.7, 50.6, 48.9, 48.4, 44.7, 40.4, 39.1, 35.5, 34.6, 30.4, 26.5,
25.9, 24.3, 22.2, 18.5, 18.0, 13.5, 13.4, −4:4, −5:0.

Synthesis of unsaturated ester 7. Methyl (triphenylphosphor-
anylidene)acetate (4:4 g, 13mmol) was added to a solution of 6
(5:3 g, 8:8mmol) in CH2Cl2 (40 mL). After overnight, the reac-
tion mixture was concentrated. Purification by column chroma-
tography (hexanes:EtOAc, 4:1) yielded the product (4:6 g, 80%)
as a yellow powder. 1H NMR (CDCl3) d 8.10–8.02 (m, 2H),
7.64–7.61 (m, 2H), 6.76 (dd, 1H, J = 9:0, 15:6Hz), 6.59 (d, 1H,
J = 8:2Hz), 6.17 (d, 1H, J = 8:3Hz), 5.68 (d, 1H, J = 15:6Hz),
3.91 (dd, 1H, J = 7:1, 11:7Hz), 3.82 (dd, 1H, J = 4:6, 14:0Hz),
3.64 (s, 3H), 3.58–3.47 (m, 4H), 1.83–1.73 (m, 1H), 1.61–1.55
(m, 4H), 1.48–1.25 (m, 6H), 1.03 (d, 3H, J = 6:5Hz), 0.95 (s,
3H), 0.81 (s, 9H), 0.79 (s, 3H), 0.02 (s, 3H), −0:07 (s, 3H); 13C
NMR (CDCl3) d 167.1, 161.7, 159.5, 154.2, 138.6, 132.6, 132.5,
130.4, 130.1, 128.3, 126.9, 126.4, 118.9, 68.0, 67.3, 67.0, 55.5,
51.3, 50.5, 48.6, 44.4, 40.3, 39.2, 35.5, 34.6, 30.4, 27.6, 25.8,
24.3, 21.8, 19.2, 18.5, 18.1, 14.1, 13.3, −4:4, −5:0.

Synthesis of saturated ester 8. Raney Ni (∼ 1 g, 20%/wt) was
added to a solution of 7 (3:8 g, 5:8mmol) in THF (60 mL). The
reaction mixture was sparged with H2 for 15 min, and then left
under a balloon of H2. After 30 min, the reaction was complete
as determined by 1H NMR. The reaction mixture was filtered
through a pad of Celite® and concentrated. No purification was
necessary and the product (3:8 g, 98%) was isolated as a yellow
foam. 1H NMR (CDCl3) d 8.16–8.05 (m, 2H), 7.69–7.62 (m,
2H), 6.61 (d, 1H, J = 8:2Hz), 6.22 (d, 1H, J = 8:3Hz), 3.93–3.81
(m, 2H), 3.62 (s, 3H), 3.59–3.51 (m, 1H), 2.38–2.28 (m, 1H),
2.25–2.14 (m, 1H), 2.09–1.93 (m, 4H), 1.82–1.72 (m, 2H), 1.61–
1.50 (m, 4H), 1.40–1.33 (m, 8H), 0.98 (s, 3H), 0.90 (d, 3H,
J = 6:1Hz), 0.82 (s, 9H), 0.79 (s, 3H), 0.05 (s, 3H), −0:04 (s,
3H); 13C NMR (CDCl3) d 174.5, 161.8, 159.5, 138.5, 132.6,
132.5, 130.5, 130.2, 128.5, 126.9, 126.5, 68.3, 67.4, 67.0, 56.2,
5.4, 50.5, 48.8, 44.3, 40.3, 39.3, 35.5, 34.6, 30.7, 30.6, 30.4, 27.4,
25.9, 24.4, 21.8, 18.5, 18.1, 18.0, 13.1, −4:4, −5:0.

Synthesis of 7-dehydrocholenol 9. LiAlH4 (1M/THF, 75 mL,
0:10mol) was added to a solution of 8 (8:7 g, 0:013mol) in THF
(65 mL), and then heated to reflux. After 30 min, the reaction
mixture was cooled and quenched with 10% HCl. The reaction

mixture was diluted with EtOAc and washed with NaHCO3 and
then with brine, and dried over MgSO4. Purification by column
chromatography (hexanes:EtOAc, 4:1) yielded the product as a
white powder (4:0 g, 65%). 1H NMR (CDCl3) d 5.53 (d, 1H,
J = 5:5Hz), 5.37–5.34 (m, 1H), 3.61–3.52 (m, 3H), 2.31 (d, 2H,
J = 7:6Hz), 2.08–2.04 (m, 1H), 1.93–1.80 (m, 4H), 1.72–1.53 (m,
6H), 1.49–1.19 (m, 10H), 0.94 (d, 3H, J = 6:0Hz), 0.91 (s, 3H),
0.87 (s, 9H), 0.60 (s, 3H), 0.05 (s, 6H); 13C NMR (CDCl3) d
141.0, 140.7, 119.1, 116.3, 71.2, 63.5, 55.7, 54.4, 46.2, 42.9,
41.3, 39.2, 38.5, 37.0, 35.9, 32.4, 31.7, 29.3, 28.1, 25.9, 23.0,
21.1, 18.8, 18.2, 16.3, 11.8, −4:6.

Synthesis of mesylate 10. Methanesulfonyl chloride
(0:51 mL, 6:6mmol) was added to a solution of 9 (2:1 g,
4:4mmol) in anhydrous pyridine (20 mL) at 0°C. After 30 min,
the reaction mixture was concentrated under high vacuum. The
residue was dissolved in EtOAc and washed with H2O, and then
with brine, and dried over MgSO4. The product (2:1 g, 89%) was
used in the next reaction without any purification. 1H NMR
(CDCl3) d 5.51 (d, 1H, J = 6:0Hz), 5.36-5.34 (m, 1H), 4.18 (app
dt, 2H, J = 1:9, 6:5Hz), 3.61–3.51 (m, 1H), 2.98 (s, 3H), 2.30 (d,
2H, J = 7:4Hz), 2.07–2.02 (m, 1H), 1.93–1.76 (m, 5H), 1.71–
1.05 (m, 4H), 0.94 (d, 3H, J = 6:4Hz), 0.90 (s, 3H), 0.86 (s, 9H),
0.59 (s, 3H), 0.04 (s, 6H); 13C NMR (CDCl3) d 140.8, 140.7,
119.1, 116.4, 71.2, 70.6, 55.5, 54.4, 46.2, 42.9, 41.3, 39.1, 38.5,
37.3, 37.0, 35.6, 32.3, 31.4, 28.0, 25.9, 25.8, 22.9, 21.1, 18.6,
18.2, 16.3, 11.8, −4:7.

Synthesis of d7-7-DHC. A solution of d7-2-bromopropane
(1:8 mL, 19mmol) in THF (15 mL) was added in portions to
Mg° (0:50 g, 21mmol) in a minimal amount of THF. After 30
min, a solution of Li2CuCl4 (0:1 M=THF, 3:9 mL, 0:39mmol)
was added, followed by the mesylate 10 (2:1 g, 3:9mmol). The
Li2CuCl4 was freshly prepared from LiCl (85 mg, 2:0mmol) and
CuCl2 (135 mg, 1:0mmol) in THF (10 mL). The reaction mix-
ture turned from gray to dark brown. After 1 h, the reaction was
quenched with saturated NH4Cl and extracted with EtOAc. The
organics were washed with brine and dried over MgSO4. The
product was purified by column chromatography (hexanes:
EtOAc, 19:1) and isolated as a white powder (1:5 g, 77%).

TBAF (1M/THF, 4:5 mL, 4:5mmol) was added to a solution
of the previous compound (1:5 g, 3:0mmol) in THF (15 mL).
After overnight, the reaction mixture was diluted with EtOAc,
washed with brine, and dried over MgSO4. Purification by col-
umn chromatography (hexanes:EtOAc, 4:1) yielded the product
as a white powder (0:90 g, 77%). Higher purity was attained with
purification by semipreparative HPLC (C18, MeOH). 1H NMR
(CDCl3) d 5.55 (dd, 1H, J = 3:0, 6:0Hz), 5.38–5.34 (m, 1H),
3.66-3.56 (m, 1H), 2.45 (ddd, 1H, J = 2:5, 6.3, 14:3Hz), 2.26 (t,
1H, J = 13:4Hz), 2.10–2.03 (m, 1H), 1.98-1.85 (m, 4H), 1.72–
1.53 (m, 4H), 1.40–1.09 (m, 14H), 0.92 (s, 3H), 0.91 (d, 3H,
J = 6:3Hz), 0.59 (s, 3H); 13C NMR (CDCl3) d 141.4, 139.7,
119.6, 116.2, 70.4, 55.8, 54.4, 46.2, 42.9, 40.7, 39.1, 38.3, 37.0,
36.1, 31.9, 28.0, 23.8, 23.0, 21.1, 18.8, 16.2, 11.8.

Synthesis of 11.Diethyl azodicarboxylate (0:90 mL, 5:7mmol)
was added to a solution of the 7-dehydrocholenol 9 (0:89 g,
1:9mmol) in benzene (10 mL) and then heated to reflux. After 4 h,
the reaction mixture was cooled and concentrated. The reaction
resulted in a 3:1 mixture of isomers in favor of the desired product.
The mixture was purified by column chromatography (hexanes:
EtOAc, 1:1) to yield the product as a white powder (0:81 g, 66%).
The isomers could be partially separated by column chromatogra-
phy using toluene:EtOAc (1:1).

Synthesis of TBS-8-dehydrocholenol. EtNH2 (∼ 4 mL) was
condensed into a flask at −78�C. A cooled solution of 11 (0:56 g,
0:87mmol) in THF (4 mL) was added, followed by Li° (60 mg,
8:6mmol). The reaction mixture turned blue on completion.
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After 1 h, the reaction was quenched with saturated NH4Cl and
warmed to room temperature to dissipate the EtNH2. The reaction
was diluted with EtOAc and washed with additional saturated
NH4Cl and then with brine and dried over MgSO4. The product
was purified by column chromatography (hexanes:EtOAc, 4:1)
and isolated as a white powder (0:25 g, 61%). 1H NMR (CDCl3)
d 5.38 (br s, 1H), 3.59 (t, 2H, J = 6:4Hz), 3.53–3.43 (m, 1H),
2.51 (br s, 2H), 2.32 (t, 1H, J = 13:0Hz), 2.23–21.6 (m, 1H),
2.12–2.09 (m, 2H), 2.02–1.72 (m, 4H), 1.64–1.55 (m, 4H), 1.46–
1.23 (m, 10H), 1.15 (s, 3H), 0.93 (d, 3H, J = 6:5Hz), 0.86 (s,
9H), 0.63 (s, 3H), 0.03 (s, 6H); 13C NMR (CDCl3) d 139.7,
132.3, 126.2, 119.0, 72.2, 63.5, 54.5, 51.8, 42.7, 42.0, 37.4, 36.8,
36.0, 35.8, 32.4, 31.7, 29.4, 28.9, 28.8, 25.9, 22.9, 22.8, 22.2,
18.6, 18.2, 11.2, −4:7.

Synthesis of mesylate 12. Methanesulfonyl chloride (60 lL,
0:78 mmol) was added to a solution of the TBS-8-dehydrocholenol
(0:25 g, 0:53 mmol) in anhydrous pyridine (3 mL). After 1 h, the
reaction mixture was concentrated under high vacuum. The residue
was dissolved in EtOAc and washed with H2O and then with brine
and then dried over MgSO4. The product (0:32 g, 100%) was used
without purification in the next reaction. 1H NMR (CDCl3) d 5.36
(br s, 1H), 4.16 (dt, 2H, J = 1:9, 6:5Hz), 3.50–3.42 (m, 1H), 2.96
(s, 3H), 2.49 (br s, 2H), 2.30 (t, 1H, J = 13:0Hz), 2.20–2.08 (m,
3H), 1.97–1.71 (m, 5H), 1.63–1.21 (m, 12H), 1.13 (s, 3H), 0.92 (d,

3H, J = 6:4Hz), 0.85 (s, 9H), 0.61 (s, 3H), 0.01 (s, 6H); 13C NMR
(CDCl3) d 139.6, 132.3, 126.1, 119.0, 72.2, 71.8, 70.6, 54.4, 51.7,
42.7, 42.0, 37.4, 37.3, 36.7, 35.7, 35.6, 32.4, 31.4, 28.9, 28.7, 25.9,
25.8, 22.9, 22.8, 22.2, 18.5, 18.2, 11.2, −4:7.

Synthesis of d7-8-DHC. A solution of d7-2-bromopropane
(0:30 mL, 3:2mmol) in THF (3 mL) was added in portions to
Mg° (80 mg, 3:3mmol) in a minimal amount of THF. After 30
min, a solution of Li2CuCl4 (0:1 M=THF, 0:7 mL, 0:070mmol)
was added, followed by the mesylate 9 (0:38 g, 0:69mmol). The
Li2CuCl4 was freshly prepared from LiCl (85 mg, 2:0mmol) and
CuCl2 (135 mg, 1:0mmol) in THF (10 mL). The reaction mix-
ture turned from gray to dark brown. After 1 h, the reaction was
quenched with saturated NH4Cl and extracted with EtOAc. The
organics were washed with brine and dried over MgSO4. The
product was purified by column chromatography (hexanes:
EtOAc, 19:1) and isolated as a colorless oil (0:18 g, 51%).

TBAF (1M/THF, 0:60 mL, 0:60mmol) was added to a solu-
tion of the previous compound (0:18 g, 0:36mmol) in THF
(2 mL). After overnight period, the reaction mixture was diluted
with EtOAc, washed with brine, and dried over MgSO4.
Purification by column chromatography (hexanes:EtOAc, 4:1)
yielded the product as a white powder (0:10 g, 71%). Higher pu-
rity was attained with purification by semipreparative HPLC
(C18, CH3CN:MeOH, 70:30). 1H NMR (CDCl3) d 5.40 (br s,

Figure 2. Lead-hit determination of ToxCast™ Chemical Library for environmental cholesterol biosynthesis disruptors. (A) Workflow of high-throughput
screen from entire library screened to the four selected lead-hit compounds, from bottom left, clockwise: tributyltin chloride, endosulfan sulfate, fenpropi-
morph, spiroxamine. Lead-hit compounds were identified through the results of two independent screens of the ToxCast™ library using Neuro-2a cells as an in
vitro model at a screening exposure of 1 lM for 24 h. Of the compounds screened, those determined as lead-hits for elevating 7-dehydrocholesterol (B) and la-
nosterol (C) are presented with their respective z-score values and those prioritized indicated with blue arrows.
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1H), 3.57–3.46 (m, 1H), 2.51 (br s, 2H), 2.31–2.27 (m, 2H),
2.11–2.05 (m, 3H), 2.01–1.95 (m, 1H), 193–1.81 (m, 3H), 1.62–
1.26 (m, 11H), 1.16–1.08 (m, 4H), 1.16 (s, 3H), 0.90 (d, 3H,
J = 6:5Hz), 0.62 (s, 3H); 13C NMR (CDCl3) d 138.8, 132.0,
126.4, 119.5, 71.4, 54.7, 51.8, 42.2, 41.9, 39.2, 37.3, 36.8, 36.2,
36.1, 35.6, 31.9, 29.0, 28.8, 23.8, 23.0, 22.8, 22.2, 18.7, 11.3.

Statistics
Statistical analyses were performed with Prism software (V5.01,
GraphPad Prism 5) in combination with spreadsheet-based soft-
ware including Excel® (Microsoft®). In addition, p-values <0:05
were considered significant, and specific analyses used are indi-
catedwith each set of data and experiment. Unless otherwise noted,
at least three replicates of all experiments were undertaken.

Results

High-Throughput Screen for Environmental Cholesterol
Biosynthesis Disruptors
The mouse neuroblastoma cell line, Neuro-2a, was screened
against the ToxCast™ Chemical Library for lead-hit identifica-
tion of environmental cholesterol biosynthesis disruptors. The
identities of the 1,851 chemicals tested were blinded throughout
the screening process. Known bioactive compounds that affect
cholesterol biosynthesis were included on each plate to assess the
health and responsiveness of the cells (Figure S2). The results of
these positive controls demonstrated that the cells were actively
synthesizing cholesterol and that expected metabolic changes

could be induced. In alignment with similar screens for choles-
terol biosynthesis disruptors using the PTAD-derivatization
method, an exposure of a single concentration of 1 lM for 24 h
was used (Korade 2016; Kim 2016; Wages 2018). Furthermore,
z-scores (xcompound −�xvehicle=rvehicle) were calculated for each
chemical tested from two independent screens and then averaged
(Table S3). For the four sterol metabolites assayed (lanosterol,
desmosterol, 7-dehydrocholesterol, and cholesterol), 46 lead-hit
chemicals were identified as having a z-score greater than three
(Figure 2). Of the 1,851 chemicals screened, 4 caused substantial
cell loss in both screens, so they were included in lead-hit dose–
response verification to determine whether doses at lower con-
centrations caused changes in sterol biology. Those compounds
were colchicine, tributyltin methacrylate, tributyltin chloride, and
tributyltin benzoate.

All lead-hits were validated in a similar experimental paradigm
but with conditioning the cells to an exposure media that was
serum-free, and thus cholesterol-free, to reduce confounding sour-
ces of cholesterol. Although the three compounds that elevated
cholesterol and five compounds that elevated desmosterol in the
primary screen were not confirmed in the validation experiment
(Table S1), the activity of each of the 21 7-DHC (Figure 2B) and
17 lanosterol (Figure 2C) elevating chemicals were verified at the
1 uM dose. However, an additional five 7-DHC lead-hits and 4 la-
nosterol lead-hits were deprioritized because they could not reli-
ably induce a dose–response effect in Neuro-2a cells. Additionally,
the four compounds that were further tested due to cytotoxicity
observed in the screening experiments provided two additional
lead-hits (tributyltin methacrylate and tributyltin chloride) as

Figure 3. Proposed mechanism for the reaction of (A) 7-dehydrocholesterol, (B) desmosterol (or lanosterol), and (C) 8-dehydrocholesterol with PTAD. 7-DHC
undergoes a Diels-Alder reaction, whereas Des and Lan undergo an ene reaction on the tail olefin. For 8-DHC, the Diels-Alder and MeOH adducts are the
major products formed through a series of ene, elimination, and Diels-Alder reactions.
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lanosterol elevating chemicals with z-scores of 4.4 at 100 nM, each
(Figure 2C).

Prioritization of lead-hits for future experimentation was
based on two additional factors: a) evidence of current commer-
cial use in the environment and b) unknown impact on mamma-
lian sterol biosynthesis (Table S1 and Figure S1). Five compounds
were deprioritized because of a lack of potential human exposure
and because they remain experimental compounds, and 19 com-
pounds were deprioritized because data showing their capacity to
inhibit DHCR7 or CYP51 already exist (Table S1). Tributyltin
methacrylate was deprioritized due to experimental limitations.
The chemicals ultimately selected for continued assessment for
their potential impact on human cholesterol biosynthesis were
endosulfan sulfate, tributyltin chloride, fenpropimorph, and spirox-
amine (Figure 2A).

Derivatization of 8-Dehydrocholesterol with PTAD
The derivatization of 7-DHC, lanosterol, and desmosterol by
PTAD occurs by either a Diels-Alder reaction of the 7-DHC
diene (Liu et al. 2014) or an ene reaction of the lanosterol and
desmosterol tail olefin (Korade et al. 2016). However, the reac-
tion of 8-DHC with PTAD was more complex and involved the
formation of multiple products. Figure 3 shows the products

formed from the reaction of 8-DHC and PTAD. To account for
these products, it seems reasonable to suggest that 8-DHC
undergoes an ene reaction with PTAD to give an adduct that
undergoes elimination to the 5,7,9- and 5,9,14-trienes. The ene
product shown in Figure 3 is isolable and has been character-
ized, but there are two other possible ene intermediates (not
shown), both of which could eliminate PTAD to generate the
same two trienes. The 5,7,9-triene readily undergoes a Diels-
Alder reaction with PTAD, and this triene is never isolated in
any reaction mixtures. However, the 5,9,14-triene does not
undergo a Diels-Alder reaction and instead ultimately results in
the MeOH adduct.

To confirm the identity of the 8-DHC adducts, as well as
provide evidence for the scheme shown in Figure 3, we synthe-
sized and characterized the proposed intermediates as described
below. The authentic adducts were analyzed by LC-MS and
compared with an 8-DHC-PTAD reaction mixture (Figure 4).
The ene intermediate was not observed in the actual sample
mixture; it is likely unstable and eliminates to one of the tri-
enes. However, the 5,7,9-PTAD and 5,9,14-MeOH adducts
were found in roughly equal amounts. We chose to monitor the
Diels-Alder product in sample analyses because it appears to be
much more stable than the MeOH adduct and it gives character-
istic fragmentation patterns.

Figure 4. LC-MS analysis of (A) isolated and characterized products compared with (B) reaction of 8-dehydrocholesterol with PTAD under conditions used in
sample analysis. The products were analyzed on an UPLC C18 column (Acquity UPLC BEH C18, 1:7 lm, 2:1× 50 mm) with 100% MeOH (0.1% v/v acetic
acid) mobile phase at a flow rate of 500 lL=min and runtime of 1.2 min. The following SRMs were monitored: 5,7,9-PTAD 558 ! 363, ene 560 ! 365, and
5,9,14-MeOH 399 ! 363.
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Independent Synthesis of 8-DHC PTAD Adducts

The intermediate trienes and their PTAD adducts shown in
Figure 3 were independently synthesized to provide evidence for
the mechanism and confirm the identity of the product used in the
analysis. The 5,7,9- and 5,9,14-trienes were both synthesized
from 7-DHC (Figure 5). Oxidation of the protected 7-DHC with
HgðOAcÞ2 generated the 5,7,9-triene. This triene underwent a

Diels-Alder reaction with PTAD to form the 5,7,9-PTAD adduct.
The Ac-7-DHC was converted to 8-DHC through an ene reaction
with diethyl azodicarboxylate (DEAD) followed by reduction with
Li° in EtNH2. When 8-DHC was treated with one equivalent of
PTAD in CH2Cl2, it underwent an ene reaction followed by elimi-
nation to generate the 5,9,14-triene. Treatment of this triene with
an excess of PTAD inMeOH,mimicking the analysis reaction con-
ditions, resulted in the 5,9,14-MeOH adduct. Characterization of

Figure 5. Synthesis of 5,7,9- and 5,9,14-trienes and their PTAD adducts.

Figure 6. Synthesis of 7-dehydrocholenol intermediate for d7-7-DHC and d7-8-DHC.
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these intermediate trienes and their PTAD adducts by NMR and
LC/MS confirmed the proposed products shown in Figure 3.

Synthesis of Isotopically Labeled Standards
The syntheses of the 13C3-labeled Des and Lan have been previ-
ously reported (Korade et al. 2016). The d7-7-DHC and
d7-8-DHC were both synthesized from the 7-dehydrocholenol in-
termediate 9, which was prepared starting with ergosterol (Figure
6). The alcohol and diene of ergosterol were protected as the silyl
ether and Diels-Alder adduct, respectively. The protected ergos-
terol 5 was ozonized to generate the aldehyde and subsequently
underwent a Horner-Wadsworth-Emmons reaction to generate
the ester 7. The a,b-unsaturated ester was selectively hydrogen-
ated using Raney nickel as the catalyst. The ester and phthalhy-
drazide protecting group were then reduced to generate the 7-
dehydrocholenol 9.

The TBS-7-dehydrocholenol was converted to the mesylate
10. A Grignard reaction with d7-2-bromopropane followed by
deprotection afforded the d7-7-DHC. TBS-7-dehydrocholenol
was converted to TBS-8-dehydrocholenol 11 using the same
route as described above for 8-DHC. An ene reaction with
DEAD, followed by a Li° reduction generated the desired prod-
uct. The d7-8-DHC was synthesized following the same Grignard
reaction sequence as that used for the d7-7-DHC (Figure 7).

Concentration-Dependent Effects of Environmental
Cholesterol Biosynthesis Disruptors
The capacity of endosulfan sulfate and tributyltin chloride to ele-
vate lanosterol was assessed by exposing Neuro-2a cells across a
range of concentrations (0–4 lM); fenpropimorph and spirox-
amine were similarly tested for their impact on 7-DHC levels
(Figure 8). IC50 values for each compound to inhibit either CYP51
or DHCR7 were determined in Neuro-2a cells: endosulfan sulfate,
1:1 lM; tributyltin chloride, 0:79 lM; fenpropimorph, 0:97 lM;
and spiroxamine, 0:55 lM. Concentrations of tributyltin chloride
exceeding 4 lM were determined to be cytotoxic via lactate-

dehydrogenase release detected in the media. In addition to the
monitoring of elevations in lanosterol or 7-DHC, the immediate
cholesterol precursor desmosterol was shown to decrease in a
concentration-dependent manner for each chemical exposure
(Figure 8).

Human cell lines from three different tissue lineages were
identified to more firmly establish the potential effect that the two
CYP51 inhibitors and two DHCR7 inhibitors have on human
populations. Each cell line was determined to have a distinct ste-
rol profile based on absolute values of metabolites analyzed
(Table 2). For instance, the liver (Hep-G2) and neural (SK-N-
SH) cell lines’ sterol profiles both consisted of less than 2% of
the cholesterol precursors analyzed in this study; however, the
Hep-G2 cell line had a 1.35-fold higher absolute amount of cho-
lesterol than the neural cell line had. In contrast, the lung cell line
(A549) had a substantial contribution of the sterol precursor des-
mosterol of the sterols analyzed in this study, whereas the other
neural cell line tested, IMR-32, had a significant proportion to the
total sterol content from 7-DHC.

The IMR-32 cell line was particularly sensitive to fenpro-
pimorph and spiroxamine, with concentrations as low as
10 nM inducing significant cytotoxicity as determined by lac-
tate dehydrogenase detected in the media after a 24-h exposure
(Figure S3). The three less-sensitive cell lines (SK-N-SH,
A549, and Hep-G2) were challenged with three concentrations
of fenpropimorph and spiroxamine from 10 nM to 1,000 nM
(Figure 9).

No increase in lanosterol was observed for exposures to tribu-
tyltin chloride or endosulfan sulfate in any of the four human cell
lines across the concentrations tested in this study, with the one
exception that tributyltin chloride at the 1,000 nM exposure in
A549 cells elevated lanosterol levels 2.5-fold (Figure S4A).
Positive control inhibition of CYP51 using econazole at 100 nM
for all four cell lines did show significant elevation of lanosterol
levels as determined by Student’s t-test (p<0:001, Figure S5).
Both tributyltin chloride and endosulfan sulfate were depriori-
tized as compounds of interest due to the observation that neither

Figure 7. Synthesis of d7-7-DHC and d7-8-DHC.
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could reliably inhibit CYP51 in human cells. In contrast to the
CYP51 lead-hit compounds, 7-DHC levels were elevated in
response to exposure to both fenpropimorph and spiroxamine in
the three human cell lines for at least one of the concentrations
tested (Figure 9A,B). It is noteworthy that the 1,000-nM expo-
sure of spiroxamine in the Hep-G2 cells was cytotoxic. In most
cases, 7-DHC levels and desmosterol levels were inversely
altered after the chemical exposures (Figure 9E,F). Unlike spi-
roxamine (Figure 9H), fenpropimorph did lower absolute choles-
terol levels measured in all cell lines tested but showed a reliable
concentration-dependent effect only with the Hep-G2 cell line
(Figure 9G).

Further experimentation with fenpropimorph and spiroxamine
was undertaken to evaluate levels of other 7-DHC relevantmetabo-
lites. In addition to 7-DHC serving as a precursor to both choles-
terol and vitamin D, this sterol is also isomerized biosynthetically
to 8-dehydrocholesterol (8-DHC) by the enzyme Emopamil
Binding Protein (EBP, 3-b-hydroxysteroid-D8, D7-isomerase)
(Figure 1). Thus, if DHCR7 is selectively inhibited, and EBP is
unaffected by a compound, then 8-DHC would be elevated

concomitantly with 7-DHC. Using the newly developed method
to assay 8-DHC via PTAD-derivatization, the absolute levels of
8-DHC were determined for the four cells lines tested (Table 2).
All concentrations tested in the neural SK-N-SH cells for both
fenpropimorph (Figure 10B) and spiroxamine (Figure 10C) dem-
onstrated a significant elevation of 8-DHC levels. Because a con-
comitant increase in 7-DHC and 8-DHC levels along with
decreases in the DHCR7metabolites desmosterol and cholesterol
is observed following exposure to fenpropimorph and spirox-
amine, it leads to the conclusion that these two pesticides inhibit
DHCR7.

Temporal Changes in Neuroprogenitor Sterol Levels
Exposed to 7-DHC Elevating Pesticides
The accumulated observations for the effect of the two pesticides,
fenpropimorph and spiroxamine, suggested that both compounds
inhibit human DHCR7. To model the cell type most likely affected
by a developmental neurotoxicant such as a DHCR7 inhibitor,
hiPSCs were differentiated into neuroprogenitors of the cortical

Figure 8. Concentration-dependent response of lead-hit compounds on intracellular levels of lanosterol (A,B; solid squares), 7-dehydrocholesterol (C,D; open
squares) and desmosterol (solid triangles) in Neuro-2a cells. Cells were exposed to tributyltin chloride (A), endosulfan sulfate (B), fenpropimorph (C), and spi-
roxamine (D) at the indicated concentration for 24 h. Data presented as nmol sterol/million cells (n=4, ±SEM). *p<0:05, **p<0:01, ***p<0:001 as deter-
mined by post hoc Dunnett’s test following one-way analysis of variance (ANOVA), using vehicle as the control comparison.

Table 2. Sterols (nmols=106 cells ± SEM, n=4) in four different cell lines of human lineage.

Cholesterol 7-Dehydrocholesterol 8-Dehydrocholesterol Desmosterol Lanosterol

SK-N-SH 27:6± 0:5 0:14± 0:01 0:07± 0:01 0:36± 0:02 0:19± 0:01
IMR-32 24:8± 0:8 1:47± 0:12 0:21± 0:03 0:23± 0:02 0:25± 0:01
A549 17:2± 0:8 0:15± 0:02 0:15± 0:01 1:96± 0:05 0:24± 0:02
Hep-G2 37:4± 2:0 0:04± 0:01 0:09± 0:02 0:68± 0:08 0:18± 0:01
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Figure 9. Impact of fenpropimorph and spiroxamine on 7-dehydrocholesterol (7-DHC; A,B), 8-dehydrocholesterol (8-DHC; C,D), desmosterol (Des; E,F), and
cholesterol levels (Chol; G,H) in three different human-derived cell lines: (from left to right) SK-N-SH, A549, and Hep-G2. Cells were exposed to compound
(0, 10, 100, 1,000 nM) for 24 h. Omitted bars reflect significant toxicity as determined by release of lactate dehydrogenase. Data presented as nmol sterol/mil-
lion cells (n=4, ±SEM). *p<0:05, **p<0:01, ***p<0:001 as determined by post hoc Dunnett’s test following one-way analysis of variance (ANOVA), using
vehicle as the control comparison.
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glutamatergic lineage and then exposed to chemicals (Figure
11A). To account for differentiation-induced changes in choles-
terol biosynthesis, each de-identified donor cell line was used to
produce three separate sets of hiPSC-derived neuroprogenitors for
experiments, and the results were then averaged derived from three
distinct differentiations (Figure S6). In addition to fenpropimorph
and spiroxamine, the most potent 7-DHC elevating lead-hit from
the original screen and validation, haloperidol, was used as a refer-
ence positive control. Haloperidol at 10 and 1,000 nM concentra-
tion significantly elevated 7-DHC levels from 0:81± 0:17 nmol=
106 cells to 1:66± 0:19 and 2:2± 0:30 nmol 7-DHC=106 cells,
respectively, after 8 h of exposure in hiPSC neuroprogenitors. The
maximum effect of haloperidol was observed with a 1,000-nM,
24-h exposure, plateauing at 5:37±0:28 nmol 7-DHC=106 cells.

Fenpropimorph and spiroxamine at 1,000 nM led to elevated
7-DHC levels (Figure 11B,D) and reduced desmosterol levels in
the hiPSC-derived neuroprogenitors (Figure 11C,E) in compari-
son with their time-matched vehicle control. Exposure to chemi-
cals at 10 nM did not significantly change sterol levels in the
cells. However, beginning at 4 h, exposure to both pesticides at
1,000 nM altered hiPSC sterol profiles as indicated by an
increase in 7-DHC levels and decrease in desmosterol levels with
spiroxamine (Figure 11D,E) and a decrease in desmosterol levels
with fenpropimorph (Figure 11C). After 24 h, similar absolute

levels of 7-DHC were observed (fenpropimorph, 1:50 nmol
7-DHC=106 cells; spiroxamine, 1:54 nmol 7-DHC=106 cells),
but fenpropimorph reached peak elevation of 7-DHC 8 h after ex-
posure (Figure 11B).

De Novo Cholesterol Synthesis in hiPSC Cells Treated with
Fenpropimorph and Spiroxamine
An isotopically labeled sterol precursor provides a highly sensitive
means to track the enzymatic turnover of post-lanosterol metabo-
lites during a chemical exposure. Thus, hiPSCs were incubated with
a synthetic lanosterol labeled with three 13C atoms (see Figure 12),
and the isotopically labeled sterol products of this precursor—7-
DHC, 8-DHC, desmosterol, and cholesterol—were analyzed by
LC-MS/MS. A gradual increase in 13C3-cholesterol levels was
observed in the neuroprogenitor cells with a doubling of the abso-
lute amount occurring between 12 and 24 h (Figure 12). Between
those same time points, a significant decrease of 13C3-7-DHC and
an increase in 13C3-desmosterol were also observed (Figure 13).
The dynamic change in the profile of isotopically labeled sterols at
24 h provided a useful time point to interrogate the effect of the pes-
ticides on de novo cholesterol synthesis.

Fenpropimorph and spiroxamine affected de novo cholesterol
biosynthesis similarly. Exposures of either compound at 10 nM

Figure 10. Biological synthesis of 8-dehydrocholesterol via isomerization of 7-dehydrocholesterol by the enzyme EBP is shown (A). SK-N-SH cells were exposed
to fenpropimorph (B) and spiroxamine (C) at indicated concentrations for 24 h. Data presented as nmol 8-dehydrocholesterol/million cells (n=4, ±SEM).
*p<0:05, ***p<0:001 as determined by post hoc Dunnett’s test following one-way analysis of variance (ANOVA), using vehicle as the control comparison.
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for 24 h increased 13C3-7-DHC levels (Figure 12E,I) and at
a higher dose of 1,000 nM, 13C3-8-DHC levels were also signifi-
cantly elevated (Figure 12C,G). Of importance is that both prod-
ucts of the enzyme DHCR7, 13C3-desmosterol (Figure 12D,H)
and 13C3-cholesterol (Figure 12F,J), were significantly decreased
in all exposures tested. The enzymatic capacity of DHCR7 to
convert 7-DHC to cholesterol can be assessed by the ratio of
[13C3-Chol]:[13C3-Chol + 13C3-7-DHC], also known as the RCS.
Ideally, the RCS is a value of 1 in normal, functional tissues
(Genaro-Mattos et al. 2018; Honda et al. 1995; Wassif et al.
2005). The hiPSC-derived neuroprogenitors exposed to the
vehicle control (0.01% DMSO) provided an RCS value of
0:96± 0:01, whereas our reference positive control of haloperidol
at 10 nM and 1,000 nM for 24 h led to an RCS of 0:50± 0:10
and 0:28±0:14, respectively. Fenpropimorph compromised the
RCS significantly, as determined by one-way analysis of variance
(ANOVA), with the 10-nM exposure causing an RCS of 0:59±
0:13 and 1,000-nM exposure causing an RCS of 0:38±0:07.

Spiroxamine also reduced DHCR7 activity at 1,000 nM with an
observed RCS of 0:50± 0:10.

Discussion
This study expanded the chemical space known to inhibit human
cholesterol biosynthesis by screening the ToxCast™ Chemical
Library and demonstrated that two agricultural pesticides, fenpro-
pimorph and spiroxamine, induced an in vitro metabolic pheno-
type similar to the genetic recessive disorder SLOS. The
ToxCast™ library is a carefully constructed chemical toolset
composed of environmentally relevant compounds maintained by
the ToxCast™ program at the U.S. Environmental Protection
Agency (Richard et al. 2016). A constraint of our findings is the
requirement that all compounds in the screening library must be
suitable for high-throughput screening (Richard et al. 2016). In
this regard, many relevant environmental agents are highly reac-
tive, gaseous, volatile, or DMSO-insoluble and are therefore not

Figure 11. Human induced pluripotent stem cells (hiPSCs) were differentiated towards a neuroectoderm lineage as shown (A). These hiPSC-derived neuropro-
genitor cells were exposed on day 10 of differentiation to fenpropimorph (B,C) or spiroxamine (D,E) at 1,000 nM (red triangle) for 4, 8, 12, and 24 h.
Neuroprogenitor cells were then analyzed for 7-dehydrocholesterol (B,D) or desmosterol (C,E) and compared with vehicle control (black circle; 0.01%
DMSO). Three distinct differentiations were conducted for each donor and averaged; shown is the average of the three donors ± SEM (n=3). *p<0:05,
**p<0:01, ***p<0:001 as determined by Bonferroni posttests following two-way analysis of variance (ANOVA).
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included in the ToxCast™ library. Ozone, for example, is a prior-
ity chemical for environmental health scientists and governmen-
tal regulatory bodies, and there is ample precedent for this highly
reactive environmental pollutant to affect human health via oxi-
dation of cholesterol (Pryor et al. 1992; Pulfer and Murphy 2004;
Speen et al. 2016).

In comparison with other methods available to quantify ster-
ols, the LC/MS/MS method used in this study has the advantage
that it is specific for the important post-lanosterol sterols 7-DHC,
8-DHC, desmosterol, and cholesterol, and it is well-suited for a
screen of a library of modest size. Although the method reliably
provides quantification of these four sterols and lanosterol in a
one-minute run time, we recognize the need to develop rapid
high-throughput methods to decrease analysis times further and
to expand screening studies to other sterols. Those efforts are
underway and will be reported in due course.

Of the compounds screened against the Neuro-2a cell line, 46
were found to affect sterol levels of lanosterol, desmosterol, 7-
DHC, or cholesterol. Over half of the 13 validated lead-hits that
elevated lanosterol in our screen are of the azole fungicide class.
These azole fungicides were designed to inhibit the CYP51 hom-
olog in fungi and, not surprisingly, have affinity toward mamma-
lian CYP51 as well (Rozman et al. 1996; Warrilow et al. 2013).
In fact, only 3 of the 13 validated lanosterol-elevating lead-hits
identified had no previous history of an effect on sterol metabo-
lism: endosulfan sulfate, tributyltin chloride, and tributyltin meth-
acrylate. The majority of the 16 validated lead-hit compounds
that elevated 7-DHC are pharmaceuticals or experimental drugs;
seven lead-hits are antiseptics of the benzalkonium chlorides, and
two are pesticides. Many of the pharmaceuticals (Korade et al.
2017b) and antiseptics (Herron et al. 2016) that may be relevant
to human health today had been identified previously as DHCR7
inhibitors, corroborating our screening results. The impact of
pharmaceuticals and other health products found in the environ-
ment on public health is a growing concern (Boxall 2004), and it
is particularly noteworthy that a number of antipsychotics,
including some of the most potent DHCR7 inhibitors identified in
this study, such as haloperidol, can be detected in drinking water

Figure 12. De novo synthesis of cholesterol and sterol precursors was accomplished by incubating hiPSC-derived neuroprogenitor cells with 13C3 -lanosterol
for 24 h and monitoring for 13C3 -sterols including 13C3 -7-dehydrocholesterol and 13C3 -cholesterol (A). Simplified cholesterol biosynthetic pathway is shown
(B). Neuroprogenitor cells were exposed to fenpropimorph (C–F) or spiroxamine (G–J) at 10 nM and 1,000 nM for the same duration as the 13C3 -lanosterol
incubation. Absolute values of 13C3 -8-dehydrocholesterol (C,G), 13C3 -desmosterol (D,H), 13C3 -7-dehydrocholesterol (E,I), and 13C3 -cholesterol (F,J) were
detected, quantified and normalized to cell number. Three distinct differentiations were conducted for each donor and averaged; shown is the average of the
three donors ± SEM (n=3). *p<0:05, **p<0:01, ***p<0:001 as determined by post hoc Dunnett’s test following one-way analysis of variance (ANOVA).

Figure 13. De novo synthesis of cholesterol and sterol precursors was
accomplished by incubating hiPSC-derived neuroprogenitor cells with
13C3 -lanosterol for 24 h and monitoring for 13C3 -sterols at indicated time
points. Isotopically labeled sterols analyzed are lanosterol (solid line), des-
mosterol (solid square, dashed line), 8-DHC (open triangle, solid line), 7-
DHC (solid circle, solid line), and cholesterol (open circle, dashed line).
Three distinct differentiations were conducted for each donor and averaged;
shown is the average of the three donors ± SEM (n=3). *p<0:05,
**p<0:01, ***p<0:001 as determined by repeated measures one-way analy-
sis of variance (ANOVA).
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sources as a consequence of improper medical waste disposal
(Logarinho et al. 2016; Silveira et al. 2013; Van De Steene et al.
2010).

In contrast to the exposures resulting from improper medical
waste disposal, the two potent commercial pesticides fenpropi-
morph and spiroxamine are unique in ToxCast™ because they pose
amore direct primary exposure threat because few studies had yet to
explore the potential impact of compounds intended for the environ-
ment on human cholesterol biosynthesis. Both fenpropimorph and
spiroxamine are used in the prevention of rust disease in viticulture
as well as in cereal crops such aswheat and barley. Although no cur-
rent study exists identifying a relevant human exposure dose for ei-
ther pesticide, assuming complete absorption, the exposures levels
used in this study are in the range of the indicated acute reference
dose of daily dietary intake of fenpropimorph (10:5 lM)and spirox-
amine (0:336 lM), as established by the U.S. EPA (2004, 2005). As
is the case with most fungicides, the most common route of human
exposure is through diet, with concentrated areas of exposure where
cereal crops are most produced, available, and inexpensive. For
instance, exposure studies of European populations near these crops
reveal that metabolites of fenpropimorph can be detected in the
blood of nonworker individuals, including pregnant women
(Buerge et al. 2016; Jamin et al. 2014). Less is known about human
exposures to spiroxamine, but evidence exists that applications of
spiroxamine to Israeli orchards led to measurable concentrations of
the pesticide in the surrounding air (Zivan et al. 2017), aswell as evi-
dence of seasonal elevations near German wastewater discharge
sites (Beckers et al. 2018). Further, these fungicides have been sug-
gested to have no health effects in the majority of the human popula-
tion (Muri et al. 2009); therefore, the compounds have a broad
global footprint. In fact, due to the current safety profile for
morpholine-like pesticides such as fenpropimorph, research is being
undertaken to enhance their fungicidal effectiveness by incorporat-
ing silicon moieties into their structure, which would extend the
half-life of the compounds in mammalian species (Jachak et al.
2015). These efforts suggest that human exposure to fenpropimorph
occurs and that exposure scenarios to spiroxamine are likely. Due to
the need to cultivate and maintain cereal crops to sustain world pop-
ulations, vulnerable and underrepresented groups are also more
likely exposed to these pesticides than in the past.

Fenpropimorph and spiroxamine are known to affect fungal
sterol biosynthesis by inhibiting either D14 reductase and D7,
D8 isomerase or both (Debieu et al. 2000); however, our data
suggest that these compounds have a higher affinity to inhibit
DHCR7 in human cells. If indeed fenpropimorph or spirox-
amine inhibited the human homologs to D14 reductase or D7,
D8 isomerase, we would expect decreases in 7-DHC and 8-
DHC, not increases. One other study to date reported that fen-
propimorph did indeed affect mammalian cholesterol biosyn-
thesis, albeit in a mouse cell line (Corio-Costet et al. 1988).
The CYP51 inhibitors, tributyltin chloride and endosulfan sul-
fate, increased lanosterol levels only in mouse cells. Even
though cholesterol biosynthesis is highly conserved across the
animal kingdom as determined by gene similarity of all choles-
terol biosynthetic enzymes, recent studies have demonstrated
that for CYP51, the difference between mouse and human
expression is significant with regard to intron regulation and
the existence of different isoforms of the gene (Nelson et al.
2004; Rozman et al. 1996). These interspecies differences
likely explain the discordance with the deprioritization of tribu-
tyltin chloride and endosulfan sulfate. Because we were able to
show that human CYP51 could still be inhibited with econa-
zole, our results suggest that tributyltin chloride and endosulfan
sulfate inhibit CYP51 via an unknown mechanism that is likely
not relevant in human cells.

The primary screen data presented in Figure 2 were obtained in
a murine neuroblastoma cell line (Neuro-2a), and verification of
the effect in human cell lines derived from different tissues was
explored. The cells examined in this study—SK-N-SH, IMR-32,
A549, and Hep-G2—have distinct sterol profiles and differential
responses to small molecule modifiers of cholesterol biosynthesis
(Fon Tacer et al. 2010; Mitsche et al. 2015). In fact, the sterol
metabolisms of each cell line and their tissue lineages are of some
interest. Unlike most tissues that have high turnover rates of cho-
lesterol, the central nervous system is effective at sequestering and
storing cholesterol (Dietschy 2009). Thus, the lack of significant
change in cholesterol in the human neuroblastoma SK-N-SH cell
line in response to fenpropimorph or spiroxamine could be due to a
biological adaptation of these cells to store cholesterol during acute
exposure to small molecule inhibitors of cholesterol biosynthesis.
These distinct sterolomic profiles across cell lines that match
closely with their tissues of origin have the potential to provide
additional insights. Even though our in vitro data suggested that
the lead-hits were most potent in neural cells, the results also dem-
onstrated that the lead-hits could impair cholesterol biosynthesis in
other tissues as well.When extrapolating this study’s findings to an
actual human, it would be important to consider the impact of the
exposure beyond the brain, because liver and lung sterol profiles
will likely be disrupted as well.

The cell lines used in this study are derived from oncogenic tis-
sue and for this reason may be criticized as models for develop-
mental toxicity studies. However, hiPSCs are a better model to
examine developmental toxicity because they are not transformed
cells, and they have the ability to differentiate into any cell type,
including neuroprogenitors (Fritsche et al. 2018a, 2018b; Kumar
et al. 2012). This period of differentiation allows for modeling ex-
posure conditions with the most vulnerable human tissues to better
understand neurotoxicant toxicity. Most stem cell–based develop-
mental toxicity testing has been performed usingmouse embryonic
stem cells (mESCs) due to ethical concerns with human ESCs; but
determining toxicity in the analogous hiPSC-based in vitro human
system has advantages because toxicokinetics and toxicodynamics
likely differ in a species-dependent manner, human genetic and
environmental factors contributing to disease are not always con-
served in mouse or other species, and hiPSCs have fewer ethical
concerns relative to human ESCs given their postnatal origin
(Fritsche et al. 2018a, 2018b; Luz and Tokar 2018). Indeed, of the
dozens of assays carried out under different exposure conditions
and in different cell types, the most sensitive system found in our
study was the de novo assay of biosynthesis in neuroprogenitors
using an isotopically labeled sterol precursor (see Figure 12).
Although increases in 7- and 8-DHC are observed in these assays
under most conditions, the decreases observed for desmosterol and
cholesterol are particularly telling. Inhibition of DHCR7 should
decrease de novo biosynthesis of both desmosterol and cholesterol
(see Figure 1), and the decrease observed for these sterols at con-
centrations as low as 10 nM seems particularly important.

In conclusion, the results of this study show that about one
percent of the ToxCast™ library of environmental agents affected
DHCR7, the enzyme that promotes the last critical step in choles-
terol biosynthesis, in select mouse and human cell lines. Many of
these ToxCast™ hits are found in medical waste, but fenpropi-
morph and spiroxamine are used extensively in cereal crops and
may represent a novel human exposure threat. These two fungi-
cides increased levels of 7- and 8-DHC and reduced levels of des-
mosterol and cholesterol in several human cell lines and in
developing human neural tissue. Even though this work is
founded solely on in vitro experiments, this research does suggest
that these compounds may be developmental neurotoxicants like
numerous other pesticides (Gunier et al. 2017; Roncati et al.
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2017; van Wendel de Joode et al. 2016). Additionally, adverse-
outcome pathway analyses may benefit from the inclusion of cho-
lesterol biosynthesis as a possible key event or even molecular
initiating event for frameworks describing environmental neuro-
developmental toxicity (Sorhus et al. 2017).
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